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LIST OF SYMBOLS 
(0, E - Electron energy parameter 
- Resonance frequency 
a(to) - Local electron-phonon coupling function 
F(w) - Phonon density of states 
a^F(co) - Eliashberg function 
1(0)) - Mean square vibration amplitude of the impurity motion 
X - Electron-phonon coupling parameter 
- Resonance mode contribution to X 
y* - Coulomb pseudopotential 
5^^ - Strong coupling parameter (2A/kgT^ - 3.53) 
S - Strong coupling energy shift (softening) 
Wgp - Electron-phonon lifetime width 
Wpp - Phonon-phonon lifetime width 
Û - Energy gap in the superconductor 
6g(E) - Pair potential in the superconductor 
Ajq(E) - Induced pair potential in the normal metal 
g - Coherence length in the normal metal/superconductor films 
Nm(E) - Tunneling density of quasiparticle states; quantity measured 
in the tunneling experiment 
N(0) - Density of electron states of one spin at the Fermi level 
d - Thickness of N-metal in a proximity configuration 
£ - Quasiparticle mean free path of N-metal 
- Superconducting transition temperature 
a(E) - Reduced tunneling conductance defining N^CE) 
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CHAPTER I. INTRODUCTION 
New mechanisms for superconductivity that may lead to high 
superconducting transition temperature (T^,) materials have remained of 
considerable scientific and technological interest since the discovery 
of superconductivity by Kamerlingh Onnes in 1911 [1]. High materials 
such as transition metal elements, alloys, and compounds have been 
intensively studied for their possible use in Josephson device circuitry 
which can be used in supercomputers or other related devices. The 4d-5d 
bcc substitutional alloys, first studied systematically by Hulm and 
Blaugher [2], are convenient as a range of superconductors in which to 
test theoretical concepts. The relative importance of phonon mode 
softening [3] vs. Fermi surface properties [4] in generating unusually 
high Tj, values continues to be a subject of intense debate. 
It is the goal of this work to study a new kind of mechanism — 
resonance mode enhanced strong electron-phonon coupling 
superconductivity — in the bcc Molybdenum-Rhenium (Moi^Re^) alloy 
system. The Re resonance mode was first observed by Smith et al. [5] 
using inelastic neutron scattering methods and in agreement with theory 
proposed by Brout and Visscher [6]. 
The experimental method for this work has been electron tunneling 
spectroscopy, used as a probe of the superconducting density of states 
in the Mo:Re system. This has required the fabrication of high quality 
thin films, and the development of a technique to produce reliable 
tunnel junctions on these films. These junctions can then be measured 
to determine the dependence of the superconducting density of states on 
the material parameters of Mo:Re. 
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Physics of the Resonance Mode 
The presence in a crystal of impurities of different mass changes 
the vibrational spectrum F(w) of the pure crystal. There are two kinds 
of impurity-induced exceptional vibration modes. These modes which 
occur near a defect depend on whether the impurity mass M' is less or 
greater than the host lattice mass, M. In the former case, a localized 
vibrational mode appears at a frequency u above the frequency spectrum 
of the host lattice (Fig. la); while in the latter there is a lower 
frequency in-band resonance at cc^ (Fig. lb). This vibration, whose 
amplitude is sharply peaked and 180° out of phase with the host at 
because of its heavy mass, resembles a spatially localized optical mode 
(so-called because vibrations are #—> <—# 180° out of phase). In 
addition, because falls in the frequency range where the phonon 
density of states of the host crystal is non-zero, it can decay into the 
continuum of band modes and acquires a phonon-phonon lifetime width Wpp 
in this manner. 
The first suggestion for the resonance mode was made theoretically 
by Brout and Visscher [6]. Subsequent work was extended by Dawber and 
Elliott [7], and Elliott and Maradudin [S]. In order to make 
quantitative predictions of the impurity effects, the earlier theory 
assumed a simple model of a point mass defect in which only the impurity 
mass is allowed to change; while the interatomic force constant remains 
the same. Later, more complex theory, which includes the higher 
concentrations of defects and allows the force constant to change, vas 
developed by Elliott and Taylor [9], Behera and Deo [10], Taylor [11], 
and Kesharwani and Agrawal [12]. The above theories were based on the 
Fig. 1. Graphical illustration of impurity-induced vibrational modes in 
a phonon spectrum 
a) Localized vibrational mode of light impurity at a frequency 
above the frequency spectrum of the host lattice 
b) In-band resonance mode of heavy impurity at a frequency Wj. 
within the frequency spectrum of the host lattice. Width w 
is acquired from phonon-phonon scattering 
4 
F(W) 
(a)  
w 
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method of Green's functions. They relate the properties of an imperfect 
lattice to those of a perfect lattice. 
Mass defect theory 
Consider a problem in which a small concentration of impurities of 
mass, M', are substituted at random in a Bravais lattice of the host 
crystal of mass, M. This admixture disturbs the translational symmetry 
and hence, the periodicity of the host crystal. The perturbed crystal 
Green's function G can be written in terms of the unperturbed crystal 
Green's function g [8] as 
G^(£, £';u) = + eu? ggy(£,s;w) G^g(s,£';u) 
(1) 
where the sum on s runs over those sites with impurities. The 
subscripts oc, g label Cartesian aixes (e.g., x,y,z) and £ specifies the 
unit cell centered at the displacement R(£). Thus, for a crystal with N 
unit cells and n atoms per cell, a takes on 3rù^ values, e is a 
dimensionless mass ratio 
e = 1 - H'/H (2) 
g is the unperturbed Green's function whose Fourier transform is given 
by [8] 
1 e(j^ (k,j)eg(k,j) 
gj^(k,w) = - Z —7 (3) 
N jk ar-a:^(k) 
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where c^(k) is the frequency of the normal mode of the host crystal 
described by wave vector k and branch index j. eg(k,j) is the 
associated eigenvector. 
Using the orthonorrsal properties of the eigenvectors, the solution 
to Eq. (1) can be written as 
G J^ (£,£';«) = gng(£,£';w) + g^(£, £;co) • ea^-Gjjjg(£ ,£';co) (4) 
If one chooses the cell containing the defect as the origin, then 
ga«( £,£';«) 
Ggg(£,£';w) = (5) 
1 - SbTgaaCO.Oiw) 
Forming the Fourier transform, Eq. (5) becomes 
g-i(k,u) 
Gj(k,w) = (6) 
1 - sa^ gj(k,û3) 
In the case of a cubic lattice where each atom in the unit cell has the 
sêime mass, it can be shown [7] that all |eg(k,j)|2 will be equal to l/3n 
and 
g(k,w) 
G(k,w) (7) 
et<r 1 
3nN jk 0^ - (<^(k) 
This is the expression from which Brout and Visscher first pointed 
Out [6] that a resonance or approximate localized mode can exist for 
e < 0 (e.g., a heavy impurity). To simplify the above equation, the sum 
7 
over j and k may be converted to a principal-part integral plus an 
imaginary part [7] according to a mathematical trick 
1 1 
l i n j  — =  P (  )  
5-jO X + iS X 
 — liiS(x) (8 )  
Then 
1 1 in 
a^ -Ci^ (k) u^ -u^ (k) 2w 
[ ô(w-wj(k)) + 5((0<-<A^(k))i (9) 
and the summation over k may be converted into an integral of phonon 
density of states over «. Hence, Eq. (3) can be written as 
g(k,a>) = Z = P 
'F(w')du' n F((o) 
3nN jk (i^-c^(k) «2.0,2 - ' 2 
(10) 
u 
where F(w) is the host crystal's phonon density of states normalized to 
unity. If g = gi + ig2» then, by rationalizing the denominator of 
Eq. (6), to the first approximation of g, In G can be written as 
Im G = Im 
«2 
l-ec^g (l-ew2gi)2 + (sc«j^g2)^ 
(11) 
According to Ref. 7, the mean square vibration amplitude of the 
spurity motion, I(a>), is related to Im G(w) 
I (OÙ) sR(u)*F(u) = 
F(£0) 
r F(w')dw' II 
Ec/pj — —) + (- £uF(o})) 
(12) 
(1 
8 
The resonance frequency is determined by the vanishing of the first 
term in the square bracket. The value of is seen to depend upon F(u) 
as well as on the mass ratio e. 
It is easy to see the physical significance of Eq. (12) in the 
Debye model, F(w) = Then the mean square amplitude I(co) is 
given by 
F(w) 
1(0)) = 
9 ^ [1 + 3 EX (1 - — In 
2 
where x = o^cc^. In the limit of heavy impurities, |e| « 1, one sees 
clearly that there exists a Brout-Visscher resonance mode when I(co) has 
a peak at a frequency given approximately by 
X = (- —)^^^ (14) 
3e 
Experimental verification 
The tunneling study on a crystalline alloy of Pb-3 at.% In by 
Rovell, McMillan, and Andersen [13] provided a direct experimental 
observation of the localized inodes In Figs 2 a sharp new peak; centered 
at 9.7 meV, appears in the phonon spectrum c!?F((o) in addition to the 
usual two which correspond to the Pb phonons (4.5 and 8.5 meV, 
respectively). This separate peak arises primarily from localized 
vibrations of lighter In atoms surrounded by complete nearest-neighbor 
sets of Pb atoms. 
1+x 
1-x 
)]2 . (-«V 
2 
(13) 
t.o 
S" 0.5 
a 7 9 10 II 5 6 2 4 H 
w (meV)  
rig. 2. Measured a^F(w) of PbIn alloy reveals phonon 
comparison curve (dashes) is a^F(w) for pure 
measurements are at 0.85 °IC in an Al - AI2O2 
impurity band (solid curve, 9-10 meV); 
lead. Concentration of indium is 0.03, and 
- Pb gyln Q2 junction (13) 
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The existence of resonance modes in metals has been Inferred in 
detail but somewhat indirectly from phonon energy shifts and vidths at 
fixed momentum transfer in inelastic neutron scattering [6-9]. Systems 
studied in this manner include Cr:W [14], Cu:Au [15], Mg:Pb [16], Ni:Pd 
[17], and, in less detail, Mo:Re, with M'/M = 1.94 [5], where cc^ = 3.5 
THz was reported at 15 at.% Re (Fig. 3). The neutron scattering results 
generally support the mass defect theory, with some discrepancies 
reasonably attributed [18] to neglect [6-8] of force constant changes. 
Review of the Properties of Superconducting bcc Mo:Re Alley 
The Mo;Re system remains one of the most interesting alloys to be 
studied. On the one hand, the addition of Re concentration to Mo 
markedly increases its superconducting transition temperature from less 
than 1 "K to the teens; on the other hand, the alloy is favorable to 
observe effects due to resonance mode behavior because the Rhenium atom 
is almost twice as heavy as Molybdenum. 
The bcc Mo:Re alloy system was first studied by Hulm and Blaugher 
[2], who reported the dependence of T^ on the Re concentration. Fig. 4 
shows the T^ vs atomic percent Re curve (bottom) and the corresponding 
equilibrium phase diagram (top) for Mo:Re. A plot of N(0), the Fermi 
surface electron density of states, vs composition is also useful for 
testing on the dependence of T^. Such plot is also shown in Fig. 4 for 
comparison (bottom, û symbols). The data were taken from the specific 
heat measurements of Morin and Malta [19] and Stewart and Giorgi [20]. 
A strong dependence of T^ upon N(0) is suggested by Fig. 4. However, a 
closer examination on the values of T^ in this peak (T^ = 12.3 °K at 40 
Fig. 3. Inelastic neutron scattering results [5] for several transverse 
acoustic phonon groups in the [111] direction in Mo g^Re 
(open symbols) and pure Mo (closed symbols). We find that = 
15.4 meV (1 THz = 4.136 meV) is a good fit to the upper four 
curves. We also estimate the phonon-phonon width w = 3.2 meV 
from the bottom three curves 
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Fig. 4. Superconducting Mo:Re alloy system 
(Top) Equilibrium phase diagram [2] 
(Bottom) Superconducting transition temperature (T^, left 
scale) [2j, and electron density of states (N(0), 
right scale) [19], vs at.% Re 
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at.% Re), corresponding to the electron/atom ratio e/a = 6.4 of the 
second Matthias peak, are similar to those in the first Matthias peak 
at e/a = 4.7 (Nb 25^' even though N(0) peaks at about 0.95 
states/eV'atom, vhich is only 1/4 the value observed at e/a = 4.7 [19]. 
The reason for the comparable in spite of the reduced N(0) is not 
clear, partly because no phonon spectrum results o^F(w) have previously 
been reported for any crystalline elements or alloys in the second 
Matthias high region near e/a = 6.4. 
It is well-known that a superconductor is strong coupling or BCS 
type according to the ratio ZA^/kgT^, where is the gap parameter at 
zero temperature. Ref. 20 found the ratio ZA^/k^T^ = 5.0 for the bcc 
Mo ^Re 4 alloy where = 12 °K, using from the specific heat data. 
They went on to conclude that for the occurrence of strong coupling 
superconductivity this alloy system must be bcc phase and have a high 
Tc 
In order to predict theoretically the frequency of this Re 
resonance mode, a numerical computer program has been written for 
solving Eq. (12). Using the mass ratio of Mo and Re, and the pure Mo 
phonon spectruz (Fig. 5a) determined by point-contact 
spectroscopy [21]; which is consistent with neutron scattering results 
[22], the calculated R(OJ) and !({«)) from Eq. (12) are plotted in Figs. 5b 
and 5c, respectively, assuming constant electron-phonon (e-p) coupling 
o?. 
It is a difficult choice to select the Re concentration for this 
study because a low concentration (about less than 10 at.%) works best 
for the mass defect theory Eq. (12), but a high concentration (greater 
Fig. 5. Theoretical prediction of Re resonance mode in Mo 
a) Pure Mo phonon spectrum from point-contact spectroscopy 
[21]  
b) Numerical calculation of R(w), the Re vibrational 
amplitude, from Eq. (12) using the pure Mo phonon spectrum 
of (a). Note that the Re amplitude is seven times greater 
than that of the host 
c) Calculated I(w) from Eq. (12). It predicts a resonance 
mode at Wj. = 16.8 meV and its width v = 3.15 meV 
16 
1.20 
= .80 
.40 
OJ 
00 
7.00-
5.00-
(b) 
3.00-
i.OO 
(c) 
.20 
00 4.00 12.00 2000 28.00 36.00 
CO (meV) 
17 
than - 30 at.%) suits the study of strong e-t> coupling 
superconductivity. It seems that a logical choice for both purposes 
would be in the range from 20 to 30 at.% Re. 
Electron Tunneling Spectroscopy 
Electron tunneling provides a powerful experimental method for an 
investigation of the microscopic properties of the superconducting state 
in metals. Following the discovery of tunneling current in a 
Superconductor-Insulator-Normal Metal (SIN) structure by Giaever [23], 
the tunneling technique developed into a high-resolution energy 
spectroscopy for detailed study of the phenomena of superconductivity. 
His work led to a direct experimental verification to the microscopic 
theory of superconductivity [24] proposed by Bardeen, Cooper, and 
Schrieffer (hereafter BCS) of both an energy gap and an inverse square 
root singularity in the superconducting density of excitations, N.|<(E). 
Giaever et al. [25] went on to find anomalous behavior in Pb which could 
not be explained by the BCS theory. The anomalous appearance of 
structure in the conductance dl/dV at energies commensurate with the 
phonon energies was understood by extensions of the theory of 
Superconductivity to strong e—p coupling, due notably to Migdal [26], 
Eliashberg [27], Nambu [23], and Schrieffer, Scalapino, and Wilkins 
[29]. 
The tunneling experiment and a quantitative description of 
superconductivity were finally brought together in the works of McMillan 
and Rowell [30] on Pb. They devised a method of inverting the tunneling 
density of states to obtain the effective Eliashberg phonon spectrum 
18 
o^F(w) of the superconductor. This technique, involving an elegant 
combination of experiment and the strong-coupling theory, has provided 
the most sensitive probe of the superconducting state. An excellent 
current review of this subject can be found in Principles of Electron 
Tunneling Spectroscopy by Wolf [31]. 
Theory of superconductivity 
Superconductivity is described, in the BCS model, by an effective, 
attractive electron-electron interaction which gives rise to a new 
ground state for the system as the result of the exchange of virtual 
phonons. The basic idea for this type of attractive interaction can be 
pictured as an electron at the Fermi surface moving (with a velocity Vp 
o 
~ 10 cm/s) through the crystalline lattice of positively charged ions. 
The nearby ions experience an attractive force during the electron's 
visit which will cause them to come closer together after an interval x 
1 —1 
~ = 10 sec, thus deforming the lattice, creating phonons, and a 
second electron responding to this deformation by absorbing the phonon. 
This notion already makes plausible the large spatial extent of the 
electron Cooper pair, £ = VpX = 1000 A. This value is on the order of a 
typical BCS coherence length, ^  = Svp/Tiû, which describes a highly 
correlated state spanning thousands of electrons. The BCS theory went 
on to assume that the attractive interaction is constant up to some 
cutoff frequency usually taken to be the Debye frequency <j^ . 
In the formulation of the BCS ground state, the wave function 
incorporates all electron states as symmetric pairs (kt, -kJj, for this 
choice maximizes the e-p scattering rate and hence, minimizes the 
19 
energy. The excitations from this ground state are long-lived 
quasiparticles which occur by destroying a pair and force single 
occupation of either k or -k. This can arise by injection of a single 
hole or electron to the system (such as from electron tunneling), or an 
electron is removed from an existing pair (such as photon absorption). 
BCS thus obtained for the excitation of wave vector k: 
\ = (Ek + 4)^^^ = L - 2?)% -r 4 (15) 
2m 
shown in the solid curve of Fig. 6 (bottom). The dotted curves 
represent the electron (k > kp) and hole (k < kp) excitations of the 
normal electron Fermi gas. The quasiparticles retain these hole- and 
electron-like designations, but at k=kp there is a minimum excitation 
energy A, corresponding to an excitation that is an equal mixture of 
electron and hole. It is now understood that the BCS model is valid 
only for temperatures and excitation energies much less than a typical 
phonon energy. 
For the strong-coupling superconductors such as Pb and Nb, the 
quasiparticle energy can be on the order of the Debye energy of the 
metal, when the quasiparticle loses energy by emitting real phonons in 
the metal, its lifetime is very short so that its energy acquires an 
uncertainty-principle width. One therefore finds deviations from the 
BCS behavior in metals. Instead of treating the e-p interaction as 
nonlocal instantaneous nature, a more realistic treatment was developed 
by. Eliashberg [27], using a Green's function approach. This 
interaction, suitable for strong-coupling, is local in position but 
Fig. 6. Elementary excitation spectrum in the BCS model 
(Top) Electron (E j^ ) and hole ( -G^) excitations of a normal 
metal 
(Bottom) Quasiparticle excitations for a superconductor on the 
electron-like branch for k > (k>) and on the hole­
like branch for k < kj (k<). Dotted lines show the 
normal state excitations. The minimum excitation of 
energy à at k^ is an equal admixture of electron and 
hole 
21 
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retarded in time, reflecting the delay T = in the development of 
the ionic motion. The strong-coupling gap parameter is a complex and 
energy dependent function û(u) = + i^(b)). The frequency 
dependence is created by the time lag in the electron pairing while the 
Im Û(cû) describes the finite 1/T quasiparticle lifetime arising from 
possible emission of a real phonon. The gap edge is now the value of 
the gap function evaluated at energy such that 
A(ûo) = Ûq (16) 
In cases where spatial dependence exists, the function û(w,r) is 
referred to as the pair potential, so-called because it is related to 
the binding energy of the pair which allows for condensation of 
quasi par tides into pairs. û(w) is related to the pairing self-energy 
<k(w) = Z(«)û(w) (17) 
where Z(u) is the complex renormalization function for the 
superconducting state. The central result of the Eliashberg strong-
coupling theory is an electron matrix self-energy Z(k,w) related to 
Z(k,{s}) and A(k,(s)). This matrix self-energy equation represents a set of 
four coupled integral equations, known as the Eliashberg equations. The 
final form is due to Scalapino et al. [32] who average over the Fermi 
surface, as is appropriate for dirty-limit superconductors, at absolute 
zero temperature and neglecting the weak k dependence of Û and Z (e.g., 
isotropic materials), these equations become: 
23 
A((t>) = 
Z(w) J 
^ dw' • P(ty ) [K^(w, w') - y*] (18) 
[1 -  Z(w)]w = dw' • N(«') • K_(u, cy) (19) 
where 
P(w) = Re 
A(co) 
[o^ -
(20) 
03 
N(w) = Re [(J? - 62(w)]l/2 (21) 
The kernels are; 
K+(w) dS • oZ(9)F(g) { ± } 
Q w' +0)4-2+15 w'-0M-2-i5 
(22) 
Wg is a cutoff frequency typically taken as three to ten times the 
-.aximun; phonon frequency. The Eliashberg equations relate the 
superconductng function 6(w) and Z(w) to two normal state quantities: 
U*, the Coulomb pseudopotential, and o^(2)F(2), the Eliashberg e-p 
function. 
The Coulomb potential V^, usually expressed as the dimensionless 
y = N(0)Vj,, is reduced by considering the slow ionic response to the 
notion of electrons [33J which arises from the increased spacing between 
paired electrons: 
1 1 
, % 
= — + ln(—) 
y 
(23) 
24 
where the electron plasma frequency, is usually five to ten times of 
The Eliashberg function is composed of the phonon density of states 
P(O): 
F(2) = Z 
" d^q 
(2n) 3 
(24) 
vsighted by the effective e-p coupling o^(S). This function is defined 
as: 
d^p 
o^(2)F(2) = -
Sp (2.)3,P' X VP-X> 
(25) 
d^p 
Here gpp»\ is the dressed e-p matrix element, Vp' is the Fermi velocity, 
is the phonon energy for reduced momentum p-p' and polarization 
X, and the integrations are over the Fermi surface. 
A measure of the strength of e-p coupling is a dimensionless 
parameter X, 
X = 2 
o^F(w) 
dw (26)  
u 
shown to be approximately factorizable [34] as 
X = 
N(0) <I^> 
M <>J-> 
(27) 
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in an elemental metal of ionic mass M, Fermi level density of states 
(single spin) N(0), mean square phonon frequency <(»^> and Fermi surface 
average of the squared e-p matrix element <I >. The mean function is 
defined as 
2 
<f(tO)> 5 — 
X 
o^F(w) 
f(u) dw (28) 
0 w 
Solutions to the Eliashberg equations at finite temperatures 
provide a theoretical expression for in terms of X and u" when 6= 0. 
The well-known T^ formula of McMillan [34] and later modified in Ref. 33 
is given as 
w,oe 1.04 (1 + X) 
T„ = —^ exp {- } (29) 
1.2 X - y (1 + 0.62X) 
îere to be expressed in Kelvins, is defined as 
£ exp <ln (30) 
It is understood in connection with Eqs. (28-30) that the value of 
y* = Vph be further corrected to the phonon cutoff frequency by the 
relation 
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Conventional electron tunneling 
A conventional tunnel junction consists of two metallic electrodes, 
separated by a thin insulating layer whose thickness t and barrier 
height Ug (Fig. 7) are such as to withstand an applied bias voltage V of 
up to several hundred millivolts and yet permit a measurable flow of 
electrons by tunneling. A calculation of the tunneling current can be 
carried out as an ordinary quantum mechanical barrier penetration 
problem in a stationary-state approach. 
The stationary-state approach above appeared unsuitable to 
understand the experimental measurements of dl/dV by Giaever [23, 25], 
which suggested that the final density of states N^CE) was being 
directly measured. The theory of tunneling that most easily describes 
the spectroscopic study of superconductivity is based on a many body 
approach in terms of a transfer Hamiltonian. The approach is to seek a 
perturbed Hamiltonian which can be regarded as driving electron 
transitions across the tunneling barrier according to the golden rule of 
perturbation theory: 
^LR = — |<%iH'iYL>i- Nf(%) 5(EL - ER) (32) 
R 
where the final density of states N£(S) Is identified with the 
excitation spectrum of the superconductor. The two electrodes are 
considered as nearly isolated systems with complete Hamiltonians H'^, H^, 
and eigenstates Y^, which are weakly coupled by the perturbing 
barrier term E^. In second quantization formalism, H^ is expressed as 
= Zkk' :kk'(CkCk'  Cf.Ck) (33) 
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L t R 
Fig. 7. Graphical illustration of a stationary electron wave tunneling 
from L to R across forbidden potential barrier Ugfx). V is the 
applied bias voltage; eV is the range of energies over which 
tunneling transitions may occur at zero temperature 
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where Tj^, is the matrix element of and are the creation and 
annihilation operators for an electron of wave vector k. 
The matrix element is obtained by evaluating the probability 
current operator between oppositely decaying functions and ^  at any 
point in the barrier 
Tkk' = <%I-IIV (34) 
The current density J is obtained by summing all possible 
contributions to between filled initial and empty final states: 
2 n  
KJt g 
4ne 
= — - f(E+eV)] (35) 
where the positive bias V is specified as lowering the electron energies 
on the right, creating electron flow to the right and positive current 
to the left. f(E) is the Fermi function [1 + exp((E-Ep)/K^T)j~~ . In 
converting the summations over k and k' to integrals over energy, care 
must be taken to distinguish between the real energy E of a 
quasiparticle and the "bare" energy related by E = 
"3e" -1 Se 
dE = 
J .3k. .3E. LÔk. 
-1 
(E2_62)l/2 
dE (36) 
which indicates the origin of an inverse square root singularity 
spectrum in the weak superconductor tunneling characteristics. The 
expression for the current density Eq. (35) in an NIS configuration is 
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J = C Ng(E)-[f(E) - f(E+eV)] dE (37) 
where Ng(E)(s 3e/3E) is the superconducting density of states. The 
coefficient C relates to the tunneling matrix element T and has the 
same form when both electrodes are normal. Thus all of these details 
drop out in forming the normalized conductance = N^fE). 
The tunneling conductance is obtained by forming dJ/dV: 
dJ 
— = Oc(V) = C 
dV 
NgCE) 
3f(E+eV) 
3E 
dE (38) 
The Fermi function derivative is a bell-shaped curve centered at energy 
E = -eV, with full width at half height - 1.2 kgT. This approaches an 
5-function at T = 0, shoving that CgCV) «Ng(e|V|). Hence, the 
normalized tunneling conductance Ncj.(eV) is given by 
N^(eV) 5 
Os(V) 3f(E+eV) 
S(E) dE 
TO 
(39) 
Physically, at T = 0, the BCS tunneling conductance is zero for eV < Û 
and then falls off smoothly as eV/[(eV)^ - from a singularity at 
L. At finite temperatures, the conductance peak at û is thermally 
broadened, on the order of kgT. 
Analogous results are obtained for the case of strong-coupling 
superconductors using the Green's function approach employed by 
Eliashberg. Because of the finite lifetime of the state, the energy of 
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an electron of wave vector k is no longer quantized at but 
represented as a distribution of energies by a spectral function: 
A(k, E) = |lm G(k, E)| / n (40) 
where G(k,E) is the one-electron Green's function. The corresponding 
density of states per unit energy is given by 
NgCE) = 
r d^k 
(2it)-
A(k, E) (41) 
Making use of the weak k dependence of Û and Z, the spectral function 
and the strong-coupling tunneling conductance can be written as 
A(k, E) = -
n 
Im { 
Z(k, E)*E + 
z2(k, E)-[E2 - û^(k, E)] -
(42) 
Ns(E) = Re {— —) = N^CE) 
[E^ - 4/(E)]l/^ 
(43) 
This strong-coupling result is just that found previously Eq. (39) for 
the BCS case, with the new understanding that 6(E) is now a complex 
function of energy. In fact, only the deviations from the BCS energy 
dependence reflect the e-p coupling strength and the Eliashberg spectral 
function o^F(w). 
Proximity electron tunneling 
The full strength of the tunneling method above, conventionally 
based on thermal oxidation of one of the members of the sandwich to 
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produce the crucial tunnel barriers, has not appreciably extended beyond 
the s-p Band element superconductors which form good insulating thermal 
oxides. It is well-knovn that the thermally grown oxide from the 
transition metals tend to degrade the superconductivity near the 
barrier, leading to anomalous parameters (X, y*) when the McMillan-
Rowell inversion analysis [30] is performed. 
One method which may be used to circumvent the difficulty presented 
by the transition metal superconductors is to use a proximity junction 
of the form C-I-NS, where C is the counterelectrode and N is a thin 
layer of a normal metal which has nearly ideal oxidation properties. In 
using this method, one enters into the regime of the proximity effect 
tunneling. The theoretical background is developed by Arnold [35] and 
the experimental verification of this theory is summarized by Wolf and 
Arnold [36]. 
In an ideal proximity model (Fig. 8a), a thin layer of normal metal 
having small e-p coupling is in perfect contact with a thick layer of 
superconductor S. The N-S interface is assumed free of scattering. The 
N layer is assumed thin, d^ « ^  (the proximity coherence length), so 
that the N layer pair potential ^(E) is spatially invariant and the 
effects of its depression on ^(E) are negligibly small. The step-like 
variation of 6(E) across the structure is sketched in Fig. 8b. 
Fundamental to this theory is a quasiparticle scattering process 
which occurs at N-S interfaces and is known as Andreev, or electron-
hole, reflection [37]. Physically a quasielectron (electron-like 
quasiparticle) exp(ik+x) injected into N with an energy ^ < E < ûg 
propagating toward the N-S interface. At the interface the propagation 
Fig. 8. Proximity electron tunneling spectroscopy 
a) Graphical illustration of the proximity metal 
configuration. The N layer is composed of a normal metal 
or a weak superconductor whose gap would be small or zero 
compared to that of the backing superconductor 
b) The corresponding variation in the pair potential 6(x) 
assumed in the Arnold model. The thickness d of the normal 
metal is small compared to the superconducting coherence 
length The bound state level is schematically 
represented in the dashed Izne just bclcv «ç 
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must stop, for the available energy E < Ag is insufficient to create a 
propagating quasiparticle into S. The result is the pairing of the 
initial quasielectron at energy E with an electron below the Fermi 
surface at -E to fcrs a pair and move into S, leaving the reflected hols 
exp(-ik~x) to return in the N layer. The initial electron has been 
"scattered into a hole" by the pair potential discontinuity Ag -
For E < ûg, the main influence of the proximity layer N is to 
produce a potential veil of depth ug - ^  for the quasiparticle in N. 
As described by de Gennes and Saint-James [38], this results in the 
formation of bound states in N, manifested as peaks in the tunneling 
density of states N.j(E) below the gap. For the range of dfj considered 
in this work (d^j < 100 Â), there is exactly one bound state with energy 
EQ (EQ < Agg). Following Arnold's theory [35], the Eliashberg equations 
describing Ag(E) and Zg(E) are assumed to be unaffected by scattering 
contributions from a thin N layer, and %(E) and Zj^(E) are governed by a 
pair of Eliashberg-like equations. In determining N^CE), the model 
assumes that only electrons with velocity normal to the barrier are 
transmitted. The full solution for the normalized density of states 
which is fit to the tunneling conductance is 
(E/%)-[iF(E)cos(AKd) + sin(AKd)j + i(A(./%)G(E) 
N-(E) = Im { } 
cos(AKd) - iF(E)sin(AKd) 
(44) 
where 
F(E). 
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%,N " 
0(E) . 
%% 
2Zjjdjj .% __ .^ N 
ÛKd = + i— = RZj^Sfj + i— (45) 
fivpjj £jg £jj 
Here d^ is the thickness and Vp^ is the Fermi velocity in the N layer. 
The effective N metal mean free path (due to impurity, grain-boundary, 
or diffuse interface scattering) is £j^ and assumed to be energy 
independent. An approximate expression for this proximity density of 
states, valid for energies in the phonon range E » ûjj, ûg, is 
2 E^ 2 E^ 
. Re(4,(E)lM2y^ e"'»"»} (46) 
where 
% = RZ^(E)-E 
"N 
The first tvo terms are identified as the expansion of N.j.(E) = 
Re[E/(E^ - ^ ^)^^^] that would arise if the S layer were not present. 
The oscillating exponential terms represent interferences arising from 
the small change in wave vector due to Andreev reflection of 
quasielectror. (K > Kp) into quasihols (K < Kp) at the N-S interface. A 
closer examination reveals a net cancellation of terms in %(S) for djj < 
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30 Â, djj/£jg < 1, and K^d^ <1. In this regime of small but non-zero 
values of djj, Eq. (46) reduces to 
d^ near 0 
for E >> 6g. In the limit as d^ goes to zero, the bulk S result for the 
conventional CIS experiment is recovered as expected. It is noted that 
the nonzero d^/^Q is seen to uniformly damp the strength of 6g(E) 
structure in N^CE). Arnold and Wolf have shown that this damping is 
responsible for a shift in the experimental Nj(E) from that recalculated 
from a conventional inversion of the data, when proximity effects are 
not accounted for, resulting in an apparent negative value of y*. The 
detailed numerical analysis which incorporates the above formalism will 
be presented in Chapter II along with the outline of the Modified 
McMillan-Rowell (MMR) inversion program. 
1 
Nt(E) = 1 + - e 
2 
^iZKNdN, 
u2 T? 
(47) 
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CHAPTER II. EXPERIMENTAL PROCEDURES 
This chapter describes the experimental system and junction 
fabrication. It also outlines the steps in characterizing the 
o n 
materials, obtaining tunneling data [e.g., I(V), dV/dl, and d V/dl ], 
and in numerical analysis [the reduced conductance eno^Qalized/^BCS ~ ^ 
and the desired Eliashberg function a^F(co)]. The central experimental 
problem is to design and build a magnetron sputtering system, capable of 
producing high quality thin films with clean N-S interfaces which, in 
the finished junction configuration, can permit nearly ideal tunneling 
characteristics. 
Magnetron Sputtering System 
Magnetron sputtering 
The Molybdenum (Mo) and Rhenium (Re) refractory metals both have 
extremely high melting temperatures which present a difficult task for 
making thin films in a conventional thermal evaporation method. An 
alternative is to use sputtering, usually in an inert atmosphere such as 
Argon (Ar) gas at pressures in the range 1 to 100 niTcrr. 
In sputtering, the source material (target) is biased negatively, 
and the desired flux of atoms to the substrate is ejected from the 
target surface by momentum transfer from high energy ionized gas bom­
barding the surface. The rate of sputtering sind of deposition is 
controlled by varying the target voltage or Ar gas pressure. The 
disadvantage in conventional sputtering is that the optimum mode of 
operation is at high pressure ( - 100 mTorr) and high target voltage 
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(~ 3000 V) which result in impure films with rough surfaces. An 
improved design for low pressure operation with the aim to produce 
highly ordered and pure films is the dc magnetron sputtering. Here, a 
permanent magnet is placed directly behind the target. The magnet 
generates a field (B) which is aligned perpendicular to the electric 
excitation field (E) of the target voltage (Fig. 9a). This E x B field 
traps and confines electrons in a "racetrack-like" ring above the target 
surface, greatly increasing the supply of ions and hence, the ejected 
flux of atoms in this vicinity. This enhancement is still consistent 
with low target voltage (500 - 1000 V), which facilitates achieving a 
nearly thermalized particle flux, and relatively low sputtering gas 
pressure (2-4 mTorr). Figure 9b shows used sputtering target with an 
erosion pattern at the center, showing the "racetrack-like" ring from 
the E X B effect. An excellent source of information on modern 
sputtering configurations is the edited volume of Vossen and Kern [39]. 
Sputter source 
The actual magnetron sputtering system used in this work, capable 
of producing good sputtered films of refractory metals and alloys, is 
shown schematically in Fig. 10. Three dc planar magnetrons (U,S, Guns, 
Basic Sputtering Inc., Campbell, California) are mounted symmetrically 
in a 12 in. diameter diffusion pumped and LN2 trapped vacuum system. 
Two of the guns are for Mo and Re targets to form metallic films of 
alloy; while the third has an Aluminum (Al) target which makes a thin 
overlayer deposition. The 2 in. diameter x 1/8 in. disks of Mo and Al 
were VP grade of Materials Research Corporation, and the VP grade disk 
Fig. 9. Magnetron sputtering 
(Top) Schematic diagram of the circular planar magnetron 
sputtering sources used in the U.S. Gun. E field (not 
shown) points downward toward the target surface. 
E X B field induces electron motion in a closed 
circular path, thus greatly increases the sputtering 
rate 
(Bottom) The photograph shows a 2 in. used Mo sputter target 
(note the ring-like erosion pattern with a diameter of 
~ 3/4 in.) 
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Fig. 10. Schematic diagram of the three-magnetron sputtering system 
used for preparing A1 proximity layers on top of Mo:Re alloy 
films. Here A, M, and R represent Al, Mo, and Re sputtering 
sources, respectively. The MozRe sputter targets are 
separated from the Al target by a stainless steel deposition 
baffle (B) which contains tvo holes for confining the 
sputtering flux. The substrates (S) are mounted below the Mo 
heater block (H) which is heated slowly from a W coil (not 
shown) by current from Cu wires (C). The heater block is 
mounted on top of a stainless steel rotatable substrate table 
(T). The whole of the working volume is enclosed by two LN2 
Meissner traps (L) 
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of Re was made at Ames Laboratory. The total impurity concentration for 
each target is less than 1000 ppm. 
Deposition baffle 
During sputtering, all three sources operate simultaneously and 
produce fluxes of atoms which are directed toward a rotatable substrate 
holder located centrally above them. In order to avoid diffusion of the 
MoiRe flux with the Al flux, a T-shape stationary deposition baffle is 
placed above the sputtering guns. The support of the baffle naturally 
separates the Al sputtering gun from the Mo and Re sputtering guns. The 
larger opening in the baffle confines the Mo and Re beam size which 
overlap to form alloy films on the substrates. The smaller opening is 
for subsequent, in situ deposition of a thin overlayer from the Al 
source. In addition, the baffle also shields the substrates from 
exposure during the presputtering of targets which is done to clean and 
equilibrate target surface prior to film deposition. 
Substrate-to-source distance 
The position of the subtrates relative to the source is also an 
1.mpGiTtaiit consKi^iTouXon vitM zsspGct to tns wspositici* Zats* TMs 
substrates should be as close as possible to the source without 
disturbing the glow discharge (the region of self-sustained ionization) 
to collect a maximum of sputtered material. We found that the optimum 
substrate-to-source distance for U.S. guns is ~ 2 inches. 
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Film thickness 
The thickness of the grown film is monitored by a Sloan crystal 
microbalance. This device is an exposed wafer of quartz with an 
evaporated metal electrode which is incorporated as the frequency-
determining element (typically 5 MHz) of an oscillator circuit. The 
resonant frequency is electronically counted to the nearest hertz during 
deposit of metal in order to detect the frequency change resulting from 
mass loading on the oscillating quartz crystal. 
Prior to making sample, the three sources were calibrated in a 
separate deposition without substrates by passing the quartz crystal 
above the sputtering targets under identical conditions and measuring 
the average deposition rate at the given power (target voltage x 
current). On a day-to-day basis, neither the power nor the rate changes 
significantly. However, if the target is used up appreciably as evident 
from the depth of the erosion pattern (Fig. 9b), the rate drops for the 
same power. Then a new calibration and/or a new target is needed. 
It is this method that provides an initial estimate of the power 
needed for the desired composition on the Ho:Re alloy. Thus, the 
typical power setting for a Mo ^Re ^  film of 2000 A thickness in an 
interval of 3 minutes and under an Ar pressure of 4 mTcrr is - -320 V, 
0.6 A for Mo and -300 V, 0.3 A for Re. The sase method holds for A1 
overlayer except in a much shorter deposition time (~ 1 to 2 seconds). 
In this case, a simple electronic timing system, consisting of a 
microsvitch, a counter, and an oscillator, is suitable for measuring the 
Al. deposition time which is defined as the exposure time of substrates 
to sources (when the substrates pass once above the Al target, the 
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rotation triggers the microswitch which in turn causes the electronic 
counter to start). The nominal film thickness is then estimated from 
the average rate of deposition and the time recorded in the electronic 
counter. 
Substrate temperature 
The morphology of deposited metal films is influenced by several 
parameters, including the temperature of the substrate. In general, a 
very low temperature inhibits mobility of the deposited atoms, limiting 
the growth of microcrystals, and, in some cases, creating an amorphous 
deposit. The intermediate temperatures produce a rather smooth but 
polycrystalline film, and higher temperatures aid growth of larger 
crystallites and a rougher film, whose roughness would increase with 
film thickness. For Mo;Re alloy it is found, again from experience, 
that a substrate temperature in the range 800-1000 °C is needed to 
produce a smooth film with crystal size on the order of 500 Â. 
With such high temperatures on hand and the requirement that 
substrates must rotate at least through an angle of 120° (from Mo:Re 
targets to A1 target), a careful design is required to meet this 
objective. Such a heating device is sketched in Fig. 11, which is a 
semi-rectangular Molybdenum tube of 3/8 in. inside diameter and 3/4 in. 
outside diameter. A heating coil, which is made from 0.015 in. diameter 
Tungsten (W) wire, (I found the larger W vire breaks frequently during 
rotation; while the smaller wire could not sustain the high current), 
inserts into the Mo block and rests upon an Aluminum Oxide (AloOg) rod. 
This rod, both thin (1/16 in. diameter) and highly pure, is attached to 
Fig. 11. Schematic diagram (not shown to scale) of the Mo heater block. (H) used in this work, 
which fastens on top of a stainless steel rotatable substrate table (R) through the 
support of a Ta bar (D). The Mo block is heated slowly from a tungstun coll (W) by 
current from copper wires (C) which are surrounded by short fused quartz tubes (F). 
The M coil rests on a high purity thin AI2O2 rod (A) which is separated from the Mo 
block by two boron nitride washers (B), located on the ends of the heater. A Ta sample 
holder (E) which supports three sapphire substrates (S) is mounted tightly beneath the 
heater by specially made Ho screws (P). The substrate temperature during sputtering is 
measured from a W-Re alloy thermocouple (T) which is placed on the substrate holder. 
Using a combination of Macor rod (M), stainless steel screws (Q) and nuts (N), the 
heater remains insulated from the rotatable substrate table 
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two Boron Nitride (BN) washers placed on both ends of the heating block. 
The electrical contact to the W coil is made from four 0.015 in. 
diameter Copper wires which are electrically insulated from the system 
by using many short fused quartz tubes in the form of a necklace, and 
hence, permit the substrate table to rotate. The whole Mo heating block 
fastens on top of the rotatable substrate table, but remains insulated 
from the table by using such high temperature insulating materials as 
Hacor (Corning Glass Works) and BN. 
The Mo block acquires high temperatures from the Joule heating in 
the W coil, and transmits heat to the back surface of the substrates, 
held in place by a Tantalum (Ta) made substrate holder which fastens 
tightly, using special made Mo screws, to the flat bottom surface of the 
Mo heater. A current of 8 A and a voltage of 45 V on the W coil are 
typical values to reach 1000 °C. The actual substrate temperature 
during sputtering is measured from a W-Re alloy thermocouple 
(manufactured by Omega Engineering, Inc.) which is placed on the 
substrate holder. 
Substrate cooling is attained by rotating the heater to touch a 
Copper quenching bar which is maintained at a temperature near the 
liquid nitrogen (Lî^2^ temperature throughout the sputtering process. 
The cooling time from the high deposition temperature to below 200 'C, 
which is a suitable temperature for Al deposition, is - 15 minutes. 
During this time, the system is maintained at high vacuum excepting the 
partial pressure of a few millitorr of zero grade (99.996 % pure) Ar 
gag. Also, a Ta reflector shield (not shown) encloses the heater in 
order to minimize the heat loss from radiation. 
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System performance 
In order to maintain a certain degree of getter sputtering and to 
minimize the presence of unwanted impurities during the cooling time, 
the whole of the working volume is surrounded by two LN2 Meissner traps 
as shown in Fig. 10. Not shown in Fig. 10 is a half inch thick 
stainless steel (S.S.) top plate which rests on a 14 in. diameter Pyrex 
cylinder which in turn rests on the stainless steel vacuum chamber. The 
system is evacuated with a 4 in. oil diffusion pump and a large LN2 cold 
trap. An initial base pressure of 1 x 10"^ torr can be achieved in 
overnight pumping and baking, using five 250 W infrared heat lamps. The 
pressure further reduces to 1 x 10"® torr when the Meissner traps are 
filled with LN2. 
Junction Fabrication 
Substrates and preparation 
All samples used in this study were prepared on 0.2 x 0.5 x 0.02 
in. epitaxial finished sapphire substrates, with one side of the 
substrates being fine ground and the other side polished to 1.0 
micrcinch. 
The following cleaning procedure has been used with good results 
for this work. 
1) Cleanse the substrates in a dilute solution of detergent in an 
ultrasonic cleaner for 10 minutes. 
2) Rinse with deionized water and clean with fresh deionized 
distilled water in ultrasonic cleaner for 10 minutes. 
3) Cleanse the substrates with new acetone, boiling for 10 minutes 
and in ultrasonic cleaner for another 10 minutes. 
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4) Repeat step (3) with new methanol. 
5) Blow dry with stream of clean gas from EFFA duster 
(manufactured by Ernest F. Fullam, Inc.) 
6) Place the substrates in the vacuum chamber and immediately 
start to pump down. 
Deposition procedure 
The typical procedure begins with an overnight baking of the vacuum 
chamber to - 120 "C, in which the chamber is pumped continuously by an 
LN2 trapped diffusion pump. An ionization gauge, located on the S.S. 
top plate, reads a pressure of 1 x 10"^ torr after the system is cooled 
to room temperature and 1 x 10~® torr when the Meissner traps are filled 
with LNg. Heat on the substrates is progressively increased by 
adjusting the output voltage of the power supply, to reduce the chance 
to break the W wires by a sudden jump of current. When the substrates 
attain the desired temperature, usually at 800 - 1000 °C, the system 
pressure generally rises to - 3 x 10"^ torr. At this stage, 
presputtering of the targets is carried out at 4 mTorr of Argon gas 
(99.996 % pure) with the main valve of the vacuum system being partially 
closed and the substrates being rotated avay frcr. the flux. It lasts 
for 5-10 minutes at a sputtering rate of ~ 500 A/niin for Mo-Re and 
- 900 Â/min for Al. The deposition begins when the substrates are 
rotated above the Mo and Re targets and typically goes on for - 3 
sinutes. During this time, ~ 1500 Â of Mo-Re films are formed on the 
substrates. The deposition is terminated by rapidly reducing the target 
voltage. The heater is turned off immediately and the samples are 
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allowed to cool by rotating the holder in direct contact vith the Copper 
quenching bar. After cooling to less than 200 ®C (typically 10-15 
minutes), a thin overlayer of A1 is deposited by briefly rotating the 
substrates to pass once over the A1 target. The exposure time to Al 
sputtered flux is typically less than 2 seconds to allow formation of a 
thin, - 30 Â, film. When the substrates cool to room temperature, a 
flow of pure O2 gas (~ 2 Torr) is used to oxidize the freshly made films 
in the chamber for about 2 hours. After venting the vacuum system vith 
N2 gas to atmospheric pressure, the samples are removed from the system 
and the films undergo photolithographic processing immediately. 
Tunnel junction patterning 
It is well-known that a rough surface will produce mostly 
"microshorted" junctions, which give excessive leakage current at zero 
bias region. We have successfully eliminated this problem by making 
smaller junction areas using photolithographic processing. For a review 
of this technique, an excellent source is found in Thin Film Technology 
by Berry, Hall, and Harris [40]. 
The process described below has been used throughout this work to 
make tunneling junctions vith success. A thin layer of positive 
photoresist (Shipley AZ-1350, approximately 1/2 micron thick) is spun on 
the sample surface by a photoresist spinner. The sample is then put 
into an oven at 95 "C for a minimum of 30 minutes. Small holes are then 
opened in the photoresist layer by exposing the sample to an ultraviolet 
source through a photomask. Current junction area in use is 60 x 60 
um^. After exposing and developing, the sample is again baked in the 
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oven at 120 ®C for 20 minutes. The junction geometry is sketched in 
Fig. 12a. 
Finally, four lead strips (2000 Â thick and 0.01 in. wide) are 
deposited through a Molybdenum metal mask in a separate vacuum 
evaporator to form the counterelectrode. The junction thus constructed 
has the structure: MoRe - AI2O3 - Pb (Fig. 12b). 
Materials Characterization 
The Re concentration x was determined by scanning electron 
microprobe measurements from a 15 keV electron beam on the film under 
individual tunnel junctions. The scan generally shows a linear increase 
in concentration from junction #1 to #4. The change is small, typically 
in a range of 1 to 3 at. X. Such a concentration gradient is expected 
from a large spatial separation, ~ 3 1/4 in., between the Mo and Re 
targets, and a small substrate-to-target distance (see section Magnetron 
Sputtering System). Despite the small variation in concentration, this 
same scan also shows uniform thickness across the film, as judged from 
the almost constant ( ~ 1% variation) A1 signal of the sapphire (AI2O2) 
substrate which is picked up during the microprobe measurements when 
some energetic electrons from the incident beam penetrate through the 
film into the Al^Og. 
Thin film X-ray analysis was performed using a diffractometer with 
Mo ka^ (À = 0.7093 A) radiation for determining the unknown phase and 
spacing of crystal planes, according to the Bragg condition: 
an 
X = 2d sin 0 = 2 sin S (cubic) (48 
Fig. 12. Schematic diagram (not shown to scale) of the tunnel junction: 
MoRe - AI2O2 - Pb fabricated on a sapphire substrate. The 
smaller junction areas are opened through a photoresist (PR) 
layer using standard photolithographic processes. Four Pb 
strips are deposited on top of the junctions to form the 
necessary counterelectrodes to which electrical contacts are 
made 
(Top) Side view 
(Bottom) Top view 
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where h, k, £ are the Miller indices, and aQ is the lattice parameter. 
The observed peaks vs angles from the X-ray reflections correspond very 
well to the expected A2 phase (bcc solid solution) with a set of hk£ 
planes: 110, 200, 220, 310, 400, and a derived mean lattice parameter 
- 3.13 Â for all our samples. Figure 13 shows a plot of lattice 
parameter vs concentration for two of our samples which covers the 
entire range of concentrations in this work. Lattice parameter data of 
Taylor et al. [Al] and Stewart and Giorgi [20] have been inserted on the 
same plot for comparison. We find that our lattice parameter values 
aQ = 3.134 Â and 3.1255 k, respectively, at microprobe x values of 0.225 
and 0.335 agree to 1% in x with the bcc lattice parameter vs 
concentration data of previous workers [20,41]. Additional X-ray scans 
were done on the back of the sapphire substrate and found no peaks, 
which confirmed that the observed peaks were from the film. Further, 
the observed peaks deviate in their intensity ratio from that expected 
for polycrystalline material. (They should be strictly decreasing as 
the angle 9 increases.) The observed (hOO) planes have the strongest 
intensities; while the (hkO) planes are easily detectable but not as 
intense as the (hOO) planes. The (hk£) planes are very weak, almost 
nonexistent. This suggests that there is a preferred orientation of the 
crystallites with the [100] axis normal to the surface of the film, or 
the (100) plane parallel to the surface. Also, the [110] axis is more 
preferred than the [111] axis. 
A metastable A-15 structure in Mo -Re - films with T^ - 15 ®K and 
an - 4.98 A under similar deposition temperatures to ours have been 
reported by Gavaler et al. [42] using sputtering, and confirmed more 
Fig. 13. Lattice parameters vs Re concentration x for 
al. [41] and Stewart et éil. [20] are plotted 
near-linear dependence oi: lattice parameters 
data with previous reported values [20,41] 
bcc Moj_jjRejj alloys. Data from Taylor et 
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recently by Postnikov et al. [43] using electron beam evaporation. A 
closer examination of our samples to theirs in terms of and aq 
confirms that our samples have the bcc crystal structure. First, as we 
will see, the observed highest from our sample in this range of 
composition is near 10.5 °K, which is closer to the reported ~ 11 °K 
of the bulk bcc Mo-Re alloys [2,19] than to the above A-15 films. 
Second, an analysis of Eq. (48) shows absence of (200) and (400) planes 
from the observed angles if ag = 4.98 A is used. Hence, all of the 
evidence strongly indicates that our films are in bcc phase. 
Typical grain size about 500 Â was obtained from the X-ray data 
using the measured full angular width at half its maximum intensity. 
Resistance ratios R3oo''^l2 between 1.7 and 3 were obtained from the 
usual four-terminal measurements. 
Data Acquisition 
Immediately following the final Pb strips deposition and junction 
patterning, the resulting sample is mounted in a temperature regulated 
press-contact sample holder and sealed in a vacuum can. The holder is 
then quickly placed in a helium dewar allowing only several hours to 
press-contact holder is designed to avoid Silver paint or Indium solder 
for attaching the leads to the junctions, and therefore makes the 
measurement of hundreds of junctions tolerable. The temperature is 
measured from a calibrated Carbon-Glass resistor (manufactured and 
calibrated (1.4-20 °K) by Lake Shore Cryotronics. Inc.) which is placed 
next to the sample and a heater. The heater is made from fine (AWG 40) 
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Mangéinin wire and has a measured room temperature resistance value of 
~ 500 2. 
The tunneling measurements were taken at 1.4 "K in a pumped He^ 
dewar. The Pb counterelectrode was driven normal by a - 0.1 Tesla 
parallel magnetic field. The normal state properties were measured by 
raising the temperature inside the vacuum can to above (Mo-Re) T^. 
Tunneling measurements of I, dV/dl, and d^V/dl^ vs voltage were 
made using standard resistance bridge circuit described by Adler and 
Jackson [44]. The circuit used in this work is shown schematically in 
Fig. 14. The I-V measurements were directly displayed on an HP X-Y 
Chart Recorder with large X-scale expansion. In such measurements, it 
is important to use a four-terminal technique (to avoid measuring 
possibly significant voltage drops along current-carrying sample holder 
wires or evaporated Pb strips), and to ensure that the input impedance 
of the X amplifier is sufficiently high. The dc bias was controlled by 
an external sweeping circuit (not shown). The derivative measurements 
were accomplished by modulating the applied dc bias by an HP Oscillator. 
Thus, a small ac current signal of constant amplitude SI is applied to 
the tunnel junction and harmonic detection can be employed to determine 
dV/dl and d^V/dl^ in a PAR Lock-In Amplifier. 
The principle of harmonic detection is centered on the voltage 
developed across the junction. It may be written in terms of a Taylor 
series; 
V(I) = V(Iq) + (dV/dI)jQ 51 coscot + 1/2 (d2v/dl2)io (SI ccsat)^ 
+ • • • 
= V(Iq) + (dV/dI)jQ SI coswt + 1/4 (d2v/dl2)io (51)% (l+cos2wt) 
+ ... (49) 
Fig. 14. Simplified schematic of the resistance bridge circuit used in this work for the 
tunneling measurements of I, dV/dl, and d^V/dl^ vs voltage. Choice of the balancing 
resistor Rg and capacitor Cg to the tunnel junction at any given voltage enables one to 
eliminate the first-harmonic contributions to the voltage V which goes to the Lock-In 
Amplifier. This facilitates determination of the second harmonic at high gain 
Oscillator' 
Lock-In Bias 
~ I Junction 
R 
X-axis 
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where V(IQ) is the dc bias of the tunnel junction and œ is 2il times the 
modulating frequency. It follows from Eq. (49) that if SI is constant, 
then the signal of voltage across the junction at angular frequency w is 
proportional to (dV/dI)TQ and the signal at 2(o is proportional to 
O p 
(d V/dl )jq. Both of these terms are very small, since the modulation 
voltage amplitude R^5I, where is the junction resistance, must be 
kept below the thermal energy kgT (kgT at 1 °K = 86 yV r.m.s.) in order 
that the resolution be limited by thermal rather than instrumental 
smearing. 
To attain the required accuracy, the circuit must match with a 
decade resistor R^, balanced at R^ = Rg for the bias region of interest. 
The difference of the voltages across R^ and Rg was then fed into the 
PAR Lock-In Amplifier, capable of full scale sensitivity to one percent 
change in conductance at microvolt modulation levels. Typical 
modulation frequency was set at 8.3 KHz. Modulation voltages of 50 yV 
r.m.s. were used to measure the first derivative data dV/dl near the gap 
region (-6 to +6 mV). In the phonon energy region, typical modulation 
voltages in the range of 400 - 500 uV with time constant of 300 msec on 
the Lock-In Amplifier was used to measure dV/dl and 1500 yV with one 
second time constant to measure the second derivative data d^V/dl^. 
Larger modulations are permissible in the phonon energy region due to 
the smooth shapes of the phonon peaks, whose half widths are on the 
order of a millivolt. Such widths arise from the uncertainty-principle 
in view of the phonons' short lifetime (see Chapter I). The bridge 
circuit thus described is capable of determining dV/dl to one part in 
10^ or better. 
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Numerical Analysis 
The classic numerical methods for inverting the tunneling 
conductance N.j.(E) in the strong-coupling case for the superconducting 
phonon spectrum a^F(w) vere developed by McMillan and Rovell [30]. The 
basic McMillan-Rovell inversion program (MR) has three distinct stages; 
but only two, Stage I and Stage III, are applicable to the NIS data. 
The details of this program are reported in Hubin [45]. In this work, 
the data vere reduced using the modified McMillan-Rowell proximity 
inversion program (MMR) developed by Arnold and Volf [35,36] to generate 
a-F(w) for the first time for Mo-Re alloys in the second Matthias high 
Tg region near e/a = 6.4. 
Stage I 
In this program the second harmonic data, (d V/dl )gQ = V 
are combined vith the first derivative data, (dV/dI)g ^ = V in a 
least squares fit procedure to generate a smoothed BCS-reduced 
conductance CT/ogcS ~ where N ^ ^'s^smooth' 
ffgcs = |Ei / (E^ - AQ being the gap value in the electrode of 
interest. The inputs are the experimental v'g^^ and V measured on 
a mesh cf voltage points with equal spacing B; starting from voltage 
V = 0. Additional inputs include the chart units (in millimeter) and 
the corresponding ohmic units (in 2). The output is the smoothed BCS-
reduced conductance - 1 O" & voltage mesh extending from the gap 
edge. 
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Stage III 
In using the BCS-reduced conductance from Stage I, the conventional 
MR Stage III program numerically inverts the Eliashberg equations 
(Eqs. (18-19)) to extract the phonon spectrum a^FCco), the complex energy 
gap function A(w), the complex renormalization function Z(w), and the 
Coulomb pseudopotential u*. The inversion is accomplished variationally 
in two nested iterative loops. A flow chart diagram is shown in 
Fig. 15. An initial selected f.^ncticn, a starting value 
and an arbitrary initial are integrated numerically in Eqs. (18-19) 
to get a first-improved Reinserting into the equations, with 
the same y* and the program will give a second-improved A^^). 
This inner-loop process is repeated until A^") converges to the function 
a(0) required by the initial and At this point, the 
calculated density of states can be calculated from Eq. (21). An 
improved y*(l) is then obtained by requiring that A^^) agree with the 
measured gap value: A(w)(0) = A^ at « = A^. 
The next task is to devise a method for adjusting a F(w) and y so 
that will fit the tunneling density of states To 
accomplish this, the linear response of ff^,(co) to a small cheuige in 
a^F(w) is calculated: the functional derivative oe(ou) / Sot "(cû), where 
ÔO = - Of These values are used to calculate the correction term 
Sa^F((d) and, hence, a first-improved a^F^^) = a^F^®^ + Sa^F. The outer-
loop iteration is continued until a^F(<«3) and all other functions 
converge. 
Fig. 15. A diagrammatic flow chart of the McMillan-Rovell stage III 
inversion program for determining 6g(w), a^FgCw), y*, and X 
for conventional NIS tunnel junctions 
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MKR stage III 
This program differs from the conventional MR stage III only in the 
calculated density of states In each iteration, is obtained 
from Eq. (44) of the proximity case and compared with aj as in the MR 
stage III treatment. 
In using Eq. (44), additional inputs d, d/£ and Vp arise for the 
thin A1 overlayer. The layer thickness d is fixed experimentally. The 
Fermi velocity Vp of A1 is set to 2.02, in unit of 10® cm/sec. The only 
free parameter is d/£, which is adjusted to get the minimum displacement 
between and Throughout this work, we varied d between 30 and 
60 Â, according to the experimental value, and d/£ between 0.5 to 0.62. 
Other important input parameters are ming, maxg, and u*. All 
of which are contained in the Eliashberg equations (Eqs. (18-19)). Ming 
is an index which specifies the energy (=[Ming - 1] x H) up to which 
a^F(co) is to be taken as proportional to co^. This simply assumes that 
a^(u) is constant in this region. In general, smaller ming reflects 
higher accuracy in the resulting phonon spectrum. The (ming-1) x H 
values used for all our samples were typically below 10 meV, which is 
well below the Mo-Re phonon region (15-33 meV). Maxg is an index which 
specifies the maximum phonon energy, at which a^F(Wj„3j,) is usually small 
or zero. is an index which specifies the cutoff energy in the 
integration limit and is typically taken as three to four times the 
maximum phonon energy. Finally the starting value y* for the Coulomb 
pseudopotential is usually set equal to 0.11. 
In addition, we have assumed that no phonon structures were 
produced by the thin Al overlayer so that 6^ and were set to zero 
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throughout this work. The assumption can be justified in the second 
derivative data which showed no structure near 36 meV, the region of the 
strong Al longitudinal phonon. 
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CHAPTER III. RESULTS AND DISCUSSION 
Tunneling Characteristics 
Measurements in the energy gap region 
An ideal S2IS2 tunnel junction near zero temperature is 
characterized by absence of current at bias voltages below the sum of 
the gaps eV = Aj + ^2' ^ discontinuous jump in current at eV = A} + 62 
and normal current above eV = A^ + An. Figure 16 shows the typical 
current-voltage (I - V) characteristics of four Mo^.^Rejj junctions, 
0.2 < X < 0.4, in the gap region. These junctions have low lealcage 
current at zero-voltage bias corresponding typically to a few percent of 
the normal conductance. This indicates that the observed conduction is 
almost entirely by tunneling. The I - V curves are linear at bias just 
above eV = + Apy, indicating the oxidized A1 barrier is nearly 
ideal. Note that no evidence of a bound state (knee structure above 
Aj^oRe + %>b^ was observed which confirms a clean interface between the 
MoRe base electrode and its A1 oxide. There is some excess conduction 
(typically 15-20 Z) for Apy < eV < Apy + ûjijQjjg with an SIN-iike onset 
near eV = Apy (1.33 meV). The exact origin of the apparent normal 
ccspcnsnt of these MoRe films is not known; but similar effects have 
been observed in other transition metal alloys and compounds such as 
bcc-Nb 7sZr 25 [46], A-15 Nb^Ge [47], and A-15 Nb^Sn [48]. The low 
leakage region (below eV = Apy) in Fig. 16 is essentially unchanged for 
all Re concentration x; hcvsver, the excess conduction region gets wider 
as. X and Au^n. increase, indicating the normal layer may have arisen 
from a few atomic layers of degraded MoRe materials at the surface. The 
Fig. 16. Current - Voltage characteristics of four Mo^.^RSx junctions, 
0.2 < X < 0.4, in the gap region. Junction x = 0.22 shows a 
double-gap structure in dV/dl measurement (dashed). The width 
& of the rise for this sample is ~ 0.32 meV. Dotted lines 
illustrate the method of construction for the sum of the gaps, 
eV = ûj^oRe * ^Pb ~ 2.57 meV, which is estimated to introduce 
an upper bound error of 0.08 meV to the gap 
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width of the rise at eV = + Apk is much broader than for an ideal 
tunnel junction, increasing from 0.2 to 0.4 meV in width. An added 
complication arises in dV/dl measurements which show double gap values 
for some of the junctions. The dashed curve in Fig. 16 reproduces the 
dV/dl vs V measurement for sample x = 0.22 which shows a double peak. 
The origin of the gap distribution may arise from the slight variation 
of the Re content among our samples, so that the tunneling is sampling a 
range of compositions with slightly different gaps. Clearly both a mean 
gap and width in the gap are necessary to describe the "true" gap. For 
the purpose of comparison, a single gap value is somewhat arbitrarily 
chosen to be 3/4 way up the "4ioRe ^b" rise in the I-V curve. In 
making this choice, we assume the T^ is determined by grains of larger 
gap. The dotted line (x = 0.22) of Fig. 16 illustrates this method of 
construction, which introduces an upper bound error of 0.1 meV to the 
gap. We have found that gap variations on this order do not contribute 
significantly to uncertainty in the overall superconducting properties 
of MoRe as inferred from the phonon spectrum produced by the McMillan 
Rowell inversion. 
The critical temperature of the sample being probed by tunneling 
(typically only the top 100 Â or less) can be determined by measuring 
the temperature at which all gap structure in dV/dl disappears near 
zero-bias (gap opening measurements), T^*. This allows us to measure 
the T^ of the same part of the sample being probed by tunneling. We 
have also determined T^ resistively for all samples whose data being 
analyzed in the inversion program. Figure 17 shows the resistive T^. 
from a four-terminal resistance measurement for our highest T^ sample 
Fig. 17. Four-terminal resistance measurement for a single Mo^ ^Re^ film, including four 
junctions, whose Re concentration x varies from 0.32 to 0.355. Resistance ratio 
(R300/R12) was 1.75. Resistive was 11.4 ± 0.3 °K, which compared satisfactorily 
with the gap opening (Jn. #1, x = 0.33) of 11.2 "K 
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(x = 0.32 - 0.355) and the gap opening T^* for Jn. #1 (x = 0.33). We 
find in general that T^* is within the resistive width, but at the 
lower temperature end. 
Measurements in the phonon energy region 
A representative figure of the (dV/dI)g ^  and (d^V/dI^)5 spectra on 
MoRe positive bias from 5 - 60 mV are shown in Fig. 18, displaying the 
usual transverse and longitudinal phonons for Mo and an unexpected low 
energy peak. The low-sensitivity (dV/dI)g curve in the superconducting 
state (dash-dot) exhibits the dominant structures in the density of 
states at typical Pb phonon energies, the sharp drop at ~ 7 mV (Pb^) and 
11.25 mV (Pb^). Note that phonon peaks occur at points of maximum 
negative slope in the normalized conductance a, which is qualitatively 
similar to the dV/dl curves shown here, because only small changes in 
dV/dl occur, and the ordinate has numerical values decreasing 
vertically. To locate the exact phonon peaks, the (d^V/dI^)g 
measurement is needed. The above Pb phonon positions are obtained from 
the second derivative measurements (not shown in Fig. 18). After 
subtracted from + ûpj,, these values correspond to 4.05 and 8.3 mV, 
in agreement with HcHillan and Roweil'S Pb data [30] at 4.3 and 8.4 mv, 
respectively. This result gives us an initial confidence in our data. 
The 23 mV transverse and 31 mV longitudinal Mo phonons are expected 
in this curve according to neutron scattering F(w) [22] and point-
contact o^F(ca)) [21] measurements on Ho; however, N.p(E) is totally 
dominated here by the response to the Pb phonons. To verify this, a 0.1 
Tesla magnetic field parallel to the film surface has been applied to 
Fig. 18. Direct tracing of dV/dl and d^V/dl^ spectra for Hoj jjRej^, x = 0.29. A 0.1 Tesla 
parallel magnetic field, having negligible influence on the MoRe, is applied to drive 
the Pb into the normal state (three solid curves). The low-sensitivity dV/dl curves 
(solid and dotted) are calibrated on the right-hand scale; while the high-sensitivity 
curves (solid and dashed) are calibrated on the left-hand scale. The Pb^ and Pb^ 
arrows designate the transverse (4.3 mV) and longitudinal (8.4 mV) Pb phonons, 
respectively. R is the Re resonance peak (14.4 mV). T and L are the Mo-derived 
transverse (20.!> mV) and longitudinal (28.4 mV) phonons, respectively. The above-
mentioned voltages are measured from the gap edge 
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suppress the superconductivity in the Pb counterelectrode while the 
(dV/dI)g measurements were taken (solid lines) on both low and high 
sensitivity. This field is seen to have negligible effect on the 
n n 
superconducting properties of the MoRe alloy. The (d V/dl )g data 
(solid line) were taken immediately following the (dV/dI)g measurements 
under identical conditions. Three phonon peaks were observed directly 
in the (dV/dI)g and (d^V/dI^)g curves, all at energies above the Pb 
phonon energies. The two higher energy peaks near 20.5 and 28.4 mV can 
be interpreted as the Mo-derived transverse (T) and longitudinal (L) 
phonons, respectively, in addition to an unexpected low-energy peak (R) 
at 14.4 mV, all measured from the gap edge. 
The (dV/dI)jj in the normal state (dashed) was measured when the 
sample raised to a temperature slightly above the gap opening T^*. Note 
that the dashed curve rises up near zero-voltage bias, indicating the 
junction has a zero-bias conductance anomaly, a feature due to magnetic 
moments at the barrier edge which is known to be associated with the 
natural oxide of the transition metals. The detailed origin of the 
magnetic moments in this natural oxide is not known, but may arise from 
the Mo and/or Re magnetic ions in the Molybdenum oxide and Rhenium 
oxide, respectively [49]. 
a^F(u) and Re Resonance Mode 
Six of our Moj^_jjRej^ samples whose Re concentration x ranged from 
0.22 to 0.33 were studied extensively. The results of tunneling I-V 
Ecasuresent of the gap parameter (solid triangles) determined from the 
gap construction method and the T^" (solid squares) determined from 
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dV/dl gap opening spectra are summarized in Fig. 19. The T^'s of our 
sputtered films are 0.2 to 1 "K. lower than reported [2, 19] for bulk, 
samples (hatched region in Fig. 19), where the discrepancies of up to 
2 °K may represent different states of anneal or the poiycrystalline 
bulk specimens. In view of the sensitivity to preparation of bulk 
samples, we attribute the small, = 2-10% reduction in T^* to the smaller 
grain size in our films. The X-ray measurements and clear phonon 
spectra confirm that our specimens are not amorphous. We emphasize that 
the gap, X-ray, and measurements, plus Eliashberg gap inversions, 
completely characterize the MoRe in each junction. The values of 
26/kgT^ for each junction are shown (open triangles) in Fig. 19. The 
values are seen to rise above the BCS ratio (3.53, dashes in Fig. 19). 
The experimental data of all six samples were analyzed numerically 
using the McMillan-Rowell inversion program modified for imperfect 
barriers. The reduced conductance with a = (dI/dV)g/(dI/dV)g, 
are shown in Fig. 20 for five of the junctions. The voltage is now 
measured from the gap edge. The solid curves are the experimental 
result corresponding to the tunneling gap parameter; while the dashed 
curves are calculated after the inversion of the data is carried out, 
using the approximation = 0, which is appropriate because of the 
absence of noticeable phonon response (Fig. 18, (dV/dI)g, (d^V/dI^)g) at 
the energy 36 meV characteristic of A1 and the small estimated Al 
thickness (d ~ 30 to 40 Â) in the MMR inversion analysis. An excellent 
fit to the data is obtained (Fig. 20), up to the maximum phonon energy 
about 33 meV. The rss deviations between the measured T^'s (squares in 
Fig. 19) and calculated T^'s, based on Eq. (29), from the MMR inversions 
Fig. 19. Summary of tunneling results of Mo^.j^Rej^, 0.2 < x < 0.4, and 
other related microscopic parameters from the Eliashberg gap 
equations inversion analysis. Dash-dot lines: 30xN(0), 
states/eV*atom, [19]; A: lOxA^oRe' hatched: T^Cx), °K, 
[2,19]; g : Gap-opening T^, °K; X: 10xX% (see text); A: 
2A/kgTç,; V: point obtained from [51]; 0: (phonon energy)/10, 
meV; L, T, and R: (Longitudinal, Transverse, and R-phonon 
energies)/10, meV, for x = 0 from Fig. 22, and [21]; 
calculated dependence 1/Mj^^(x)^^^; HG: (R-peak energy)/10, 
%eV, for X = 0.15 from [5]; S: additional shift of R-peak 
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Fig. 20. The BCS-reduced conductance c/ffgQg - 1, with a = Cg/CQ where 
OS,N = (dI/dV)g N, and Cgcs = lEj/CE^ - ^^2)1/2 f^r 
0.2 < X < 0.4, are shown by the solid curves. The dashed 
curves are the calculated results after inversion of the 
Eliashberg gap equations using the proximity tunneling density 
of states in the approximation 6^ = 0 
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(not shown, ranged from 8.2 to 11.6 ®K) average over the six junctions 
to 0.43 °K or about 5%. The apparent, though small (few parts in 10^), 
discrepancy between the two curves for energies above 33 meV may be due 
to neglect of the pair potential induced in Al. Inclusion of this pair 
potential produces a small correction at energies above the MoRe phonon 
spectrum and does not affect the overall result of this study which 
concerns mainly on the lower energy Re resonance mode and effects of 
such modes on the alloy. The three arrows (R,T,L) of each individual 
junction in Fig. 20 identify points of maximum negative slope which 
correspond to the three peaks in the (d^V/dI^)g curve of the 
corresponding junctions. 
The corresponding effective a?F(u)) phonon spectra (three are shown 
in Fig. 21) all show an anomalous low energy (R) peak below 15 meV, in 
addition to the Mo-derived transverse (T) and longitudinal (L) phonon 
peaks near 21 and 28 raeV, respectively. For comparison, bcc Nb y^Zr 25 
shows two broadened peaks in tunneling [46] and neutron scattering [50]. 
While the a?F(û3) spectra show some noise, the weights and centroids of 
the peaks are reliable, and this is confirmed by the systematic behavior 
in this figure and in the arrows (R) of Figs. 18 and 20. 
Results of a simple model of the anomalous low energy peak are 
shown in Fig. 5. The calculated I(00), Eq. (12), peaks at 16.8 meV 
(Figs. 5c and 21 for x = 0). This agrees with 16.2 meV obtained 
(Fig. 19, lower most curve R) by extrapolation to x = 0 of our data 
(open circles) plus the value 15.4 meV (HG) at x = 0.15 from Ref. 5. 
(we find that 15.4 meV is a good fit to the upper four curves of 
Fig. 3.) This extrapolation matches those (curves T and L in Fig. 19) 
Fig. 21. a^F((o) functions measured at x = 0.33 (solid), x = 0.29 (dash-dot), and x = 0.22 
(dashed) show lower energy peak (R) in addition to transverse (T) and longitudinal (L) 
expected from pure Ho (dotted curve, Fig. 22). Dotted inset at 16.8 meV shows Brout-
Visscher mode I(w) for x = 0 calculated from Eq, (12). Width w arises from phonon-
phonon lifetime 
-- X = 0.3,3 
-- X = O.ZC) 
-- x= ci;)2 
-  I ( w )  
0.9 
0.8 
0.7 
a 0.4 
0.2 
35.0 30.0 20.0 25.0 
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15.0 
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connecting the present data for the T and L peaks to their x = 0 limits 
(solid circles) which are obtained from the pure Mo oi^F(w) (Fig. 5a). 
For comparison, the average mass effect (Mg^^(x))"^^^ from alloying is 
shovn dashed and evidently can be taken as a straight line. Hence, the 
force constants for the Mo-derived peaks do not change much up to 
X = 0.35. For the low energy (R) peak additional softening S is evident 
in the deviations of circles from the bottom line in Fig. 19. 
The predicted x = 0 line shape I(w) is shovn in Fig. 5c and Fig. 21 
at 16.8 meV. Its full width is w^^ = 3.15 meV, close to 3.2 meV 
estimated from Fig. 3 at x = 0.15. This phonon-phonon width also 
approximates that of the R mode in the o^F(w) for x = 0.22 (Fig. 21). 
The dashed and solid curves (modeling g*(w) = o^F(w) at x = 0.22 and 
X = 0.33) in Fig. 22 are obtained by adding I(co) and the pure Mo phonon 
spectrum, respectively, in ratio of weights x/(l-x). This neglects 
changes of the host spectrum with alloying, interactions between Re 
atoms, and places all Re spectral weight in the resonance mode. Apart 
from our neglect of the (M,„)~^'^^ softening (which could easily be 
incorporated), it predicts the x = 0.22 a?F(w) (Fig. 21) reasonably 
well, but underestimates the strength of the low energy (R) peak. This 
implies that the e-p coupling of the R peak exceeds that of the Mo-
derived peaks. In the modeling for x = 0.33, we find exaggeration of 
this trend in that the R peak becomes increasingly stronger, broader, 
and lower in energy than the constant e-p coupling model Eq. (12) 
predicts. 
From these results, we conclude that the anomalous R peak in the 
X = 0.22 sample is the Re resonance mode or local phonon. We turn our 
Fig. 22. Dotted curve, pure Mo (x = 0) point contact spectrum 121]. Dashed and solid curves, 
respectively, model g*(w) = a^F(w) (constant a^) at x = 0.22 and x = 0.33, by adding 
resonance mode I(w) to pure Mo spectrum, neglecting softening 
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attention to its enhancement and additional shift S with x and the 
relation of these to the onset of strong coupling superconductivity. 
Enhancement of Superconductivity 
Very recently, Yu and Anderson [51] discussed superconductivity in 
high Tg A-15 metals modeled by a "local-phonon" (one non-propagating 
mode of vibration of a single atom) strongly coupled to a Fermi gas of 
spinless electrons (Tomonaga bosons). Features of the present 
observations in o^F(w) of the Re vibrational mode ("localized" optical 
phonon) in Mo^.^e^ particularly resemble the situation considered by Yu 
and Anderson. First, the assumption of a single atom whose restoring 
force (and hence, vibrational frequency) is specially susceptible to 
electron screening is suggested by the large vibrational amplitude of 
the Brout-Visscher defect at resonance (cOj.). For Re in Mo, calculation 
of R(oi^) from Eq. (12) predicts a mean square Re amplitude seven times 
greater than that of the host (Fig. 5b). Presumably this allows more 
room for screening, i.e., e-p interaction. Second, the observed 
contribution to o^F(w) increases more rapidly than the Re concentration 
% (Figs. 19 and 21); the lew energy R peak increases, broadens and also 
shifts to lover energy (softens), all of which fit the Yu-Anderson 
scenario. 
A conventional measure of strong coupling is the deviation of 
2û/k.gTj, from its BCS value, namely, 5^^ s 26/kgT^ - 3.53. The observed 
energy gap and its ratio 2A/kgT^ are plotted (solid triangles and open 
triangles, respectively) in the upper portion of Fig. 19. Note that 
2û/kgTç. extrapolates to about 4.1 at x = 0.4 (solid circle, labelled by 
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W), which agrees with a recent report [52]. In addition, we have 
plotted (lambda symbols, Fig. 19) the contribution to the electron-
phonon coupling constant X = 2 Jq o^F(a))ccr^dw from the low energy (R) 
peak. (Ve found that some noise in the tunneling data caused y", and 
hence X, to fluctuate. A more accurate X can be obtained by rescaling 
W* to Û*, the mean value of u* for all six junctions.) The numerical 
results are summarized in Table 1. The points are seen to increase 
in step with Zû/kgT^. In Fig. 23 (open squares) rises faster than 
linearly vs Belogolovskii et al. [53] derived an analytical 
relation between the ratio of the energy gap to the critical temperature 
and the actual phonon spectrum of a superconductor. The solution 
was based on the Eliashberg equations (Eqs. (18-19)) and is given by: 
qr X 
5th = <3.53) (5) : (50) 
X — V (l+Xqo) 
where 
'4nax Q^F(w) T Û r M 
CO [ u 
dco ! j In (51) 
and 
"^ax a?F(co) f w 1 
dco Injl + 1 (52) 
0 w I WqJ 
Since we are only interested in the resonance mode contribution to the 
strong coupling, we can approximate X by (>^/2)(û/(»ij.)^ ln(ûij./A) and Xg, 
by.Xgln(2). Also we replace X and u* by X' and p" (Table 1), 
respectively. The final solution is then given by: 
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Table 1. Summary of u* and X for Mo^.x^Sx 
X W** X* jj* b X'C 
^al 
0.22 0.24 1.16 0.23 1.11 0.48 0.46 
0.23 0.20 1.01 0.23 1.10 0.45 0.49 
0.27 0.30 1.70 0.23 1.36 0.83 0.66 
0.29 0.24 1.32 0.23 1.29 0.76 0.74 
0.30 0.12 1.00 0.23 1.36 0.57 0.81 
0.33 0.28 1.75 0.23 1.53 1.11 0.96 
®Both p* and X were output from the MMR stage III program. 
was the average of y* for all six junctions. 
^X' was obtained from the exponent of Eq. (29), 
C = 1.04(1+X') / [X'-p*(l + 0.62X')]> where C was calculated from the 
same formula, using the corresponding y* and X. 
vas calculated from the portion of o^F(aj) from 0 to by 
extending the peak symnstrically above 
is the resonance mode contribution to the e-p coupling 
constant, in ratio of X'/X : X^ = (X'/X)X^g^-,. 
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Fig. 23. Strong-coupling parameter 
1.25 X Eq. (53)); shift S 
R-peak (solid curves from 
([] , experiment, dashed line, 
(0) and electron-phonon vidth (Û) of 
Eq. (54) with a = 0.245 and b = 
14.77 meV) vs resonance mode strength 
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8.83 MA/av)2 ln(av/û) 
«th = (53) 
V - y*(l + ln2) 
Thus, of Eq. (53) estimates the contribution to from the 
resonance mode (R) peak. The dashed line in Fig. 23 is 1.26 x 
Hence, we attribute about 4/5 of the strong coupling 5^*^ to the 
resonance mode. 
The renormalization shift S (circles) and the electron-phonon width 
Wgp (Fig. 23, triangles) increase approximately quadratically and 
linearly, respectively, as functions of (We have subtracted 
Wpp = 3.15 meV (Figs. 5c and 21) according to the Wgp = (w^ - Wpp)^^^' 
The results are not strongly dependent on the exact procedure. The 
values of w are obtained from the full width of the R-peak at half 
height.) The close connection between 5^^ and S is indicated by their 
similar dependences on Since the resonance mode (R) peak arises 
from a non-propagating vibration (localized optical phonon), the Yu-
Anderson theory is appropriate to treat its renormalization and has been 
used to obtain the solid curves. The theoretical functions 
[((^ 0 - b2a>^ )(l-a>^ ) - (nba)%/2)2]l/2 
S = ai__ - u_ = OCL- - (54a) 
1 -
nba>c 
Wgp = (54b) 
^ 2(l-a>%) 
(Eqs. (8) and (7), respectively, of Ref. 51), represent the real and 
imaginary parts of the local phonon-Tomonaga boson self energy, is 
the bare phonon frequency at the onset of the renormalization shift S. 
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We adjusted it to 15.45 meV which corresponded to % = 0.2 (Fig. 19, 
lower most curve R). A least squares fit to the exact functional form 
of Eq. (54a) has been computed numerically. The values, a = 0.245 and 
b = 14.77 meV, were adjusted to fit the shift S and, without change, 
were used to plot the width w^p, Eq. (54b). We have identified with 
the parameter /?• = )^ = 2iiN(0)I^/M(<^Q of Ref. 51, where I is an e-p 
matrix element; b = Vpk^, with a cutoff wave vector related to the 
Tomonaga bosons; and a = aê_L/8it^Vp^k„, with L a characteristic length 
and Vp the Fermi velocity. Using the least squares fit values of a and 
b, physically reasonable values have been obtained for the microscopic 
parameters: L = 1.5 ym, Vp = 3 x 10^ cm/s, and k^ = 10^ cm~^. 
From the general agreement between the assumptions of the theory 
and the Mo:Re case, and the reasonable fit of the solid lines to the 
data in Fig. 23, it is clear that the onset of strong coupling 
superconductivity 5^*^ in MoRe is related to softening S of the resonance 
mode (R) peak, as 5^^ and S are quantitatively expressed in Fig. 23 as 
rather similar functions of the same variable, )^. Ve may ask to what, 
in turn, is responsible for the increase of with the Re concentration 
X. 
A 
In Ref, 51; the parameter A S which ve identify with is 
proportional to the square of an electron-phonon matrix element I (which 
is presumably enhanced in the present case by the large vibrational 
amplitude of the defect mode. Fig. 5b) and to an electron density of 
states N(0). Thus, in the end, the increase of N(0) with x (dash-dot 
line. Fig. 19), with the added "leverage" of the large e-p matrix 
element I, is still responsible for the increase in strong coupling 
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and for the renormalization S. It is presumably the same "leverage" 
that enables the system to reach 12 °K at x = 0.4 vith N(0) only 1/4 
that of Nb •75Zr_25-
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CHAPTER IV. SUMMARY AND CONCLUSIONS 
We have prepared tunnel junctions on dc sputtered thin films of bcc 
< X < 0.4, at about 900 "C using artificial tunnel 
barriers produced by oxidation of in situ deposited A1 overlayers, and 
using Pb counterelectrode. Typical junction areas of 60 x 60 were 
fabricated using standard photolithography. X-ray diffractometer 
measurements confirmed the A2 phase of MoRe whose lattice parameter 
values aQ at Re concentration x, determined by scanning electron 
microprobe under individual junctions, agree to 1% in x with the bcc ag 
vs X data of previous workers [20,41]. Tunneling measurements were made 
at 1.4 °K with the Pb counterelectrode normal in a 0.1 Tesla parallel 
magnetic field. Tunneling qualities were generally good but some non-
idealities were exhibited in the tunneling characteristics. These were 
excess conduction for 6py < eV < Apjj + A^oRe broad width at the sum 
of the gaps: both remained essentially unchanged throughout this work. 
In addition, a zero-bias conductance peak anomaly was observed in all 
samples. Whether this turns out to be an intrinsic material problem or 
something more fundamental remains to be seen. 
By detailed first and second derivative studies, all the known 
structures of the Mo-derived transverse (T) and longitudinal (L) phonons 
were retrieved and a new structure was discovered at the low energy near 
14 meV. Tunneling data were reduced by the modified McMillan-Rowell 
proximity gap inversion analysis developed by Arnold and Wolf [35,36] to 
generate, for the first time, the effective Eliashberg phonon spectrum 
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a^F(«) and related microscopic parameters of a superconductor near the 
second Matthias e/a = 6 high peak. 
Our a^F(œ) functions for MoRe directly reveal for the first time a 
Brout-Visscher resonance mode [6], which we have identified using a 
simple approximation for the perturbed spectrum g*(co) of an alloy with a 
heavy impurity. The observed energies in such modes (low energy peaks) 
agree with the calculated peak at x = 0 [6,7] and the neutron scattering 
results at X = 0.15 [5] obtained by extrapolation to x = 0 of our data 
(Fig. 19, lower most curve R). At an onset of about x = 0.25, 
additional mode softening S of the low energy R peak progressively 
increases with x and deviates from the general behavior of the T and L 
Mo-derived peaks, which indicates that the electron-phonon coupling of 
the R peak exceeds that of the Mo-derived peak. 
We have numerically calculated X^, the resonance mode contribution 
to the electron-phonon coupling constant, and the strong coupling 
deviation from the BCS value. rises faster than linearly vs 
(squares, Fig. 23). A theoretical calculation of the strong coupling 
parameter as function of X^, based on the Eliashberg theory of 
superconductivity, is given in Ref. 53 which accounts for about 4/5 of 
the strong coupling to the resonance mode. The (renormalization) 
mode softening S (circles) and the electron-phonon width w„p (triangles) 
are quantitatively related in Fig. 23 to Xj^ by the recent theory of Yu 
and Anderson [51] of a local phonon screened by spinless electrons 
treated as Tomonaga bosons. We have identified Xj^ with the parameter 
of.Ref. 51, which is proportional to I^, the square of an electron-
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phonon matrix element I, and to N(0), the electron density of states at 
the Fermi surface. We suggest that the large electron-phonon matrix 
element (which is presumably enhanced in the present case by the large 
vibrational amplitude of the Re resonance mode, Fig. 5b) is likely the 
reason for the high of bcc Mo gRe ^ in spite of its low 
N(0) = 0.95 states/eV-atom. Finally, our results lend support to the 
local phonon picture [51] as likely useful for A-15 superconductors such 
as Nb^Ge, where the relatively low value N(Q) = 1.2 states/aV*atom has 
been a puzzle at = 22 °K, and where softening of the lowest phonon 
branch [47] has been seen in tunneling a^F((o) spectra. 
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